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INTRODUCTION

Except for underwater bodies and a few sailplane fuselages, virtually all

applied laminar flow research has been focused on airplane lifting surfaces,

especially wings. Very little research has been conducted on the application

of laminar flow technology on business and transport aircraft fuselages. In

the past, the quality of production airframe surfaces was not smooth enough to

permit laminar flow to persist over substantial lengths. Surface roughness

typically took the form of steps and gaps at skin panel joints. Currently,

subsonic and transonic aircraft wing surfaces can be manufactured to meet

roughness and waviness criteria for laminar flow. Once laminar flow is

applied on airplane lifting surfaces, the benefits of achieving laminar flow

on other aircraft components, especially the fuselage, will become increasing-

ly attractive from the point of view of drag reduction. Figure 1 illustrates
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Fig. I. Viscous drag breakdown for a subsonic transport airplane

with and without laminar flow over lifting surfaces (ref. i).



the benefits of achieving laminar flow on various aircraft surfaces. The

figure shows a breakdown of the total viscous drag contribution for a trans-

port aircraft (ref. i) illustrating that for the all-turbulent transport

configuration the fuselage contributes nearly half of the viscous drag. The

achievement of substantial amounts of natural laminar flow over the wing and

the tail surfaces, as shownon the right, increases the relative contribution

of the fuselage to more than 70%of the total profile drag.

Several technical issues remain to be resolved before practical engineer-

ing design guidance can be offered for laminarization of fuselages by shaping

(pressure gradient) alone. These issues include the effects of forebody

geometry on the stability of the laminar boundary layer, the significance of

the favorable effects of compressibility on stability of laminar flow on

fuselages, the effects of nonaxisymmetric fuselage shapes on laminar

stability, the practical importance of insect contamination on fuselage noses,

and manufacturing tolerances for surface imperfections on bodies.

This paper presents results of a theoretical analysis of the effect of

forebody geometry on the stability of the laminar boundary layer for incom-

pressible flow over axisymmetric body shapes at Reynolds numbers representa-

tive of business and commuterairplanes in cruise flight (unit Reynolds number

of about one million per foot). The present investigation is part of an

effort to design natural laminar flow fuselages by computer optimization.
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BACKGROUND

Past research on laminarization of three-dimensional bodies includes the

wind tunnel and flight experiments by Boltz, et al. (ref. 2) and Groth (ref.

3). However, very few theoretical or experimental data have been published on

the application of natural laminar flow (NLF) to fuselages of fineness ratios

5 to 9 at cruise length Reynolds numbers representative of business and

commuter airplanes. Figure 2 summarizes most of the past unclassified

experimental research on laminar flow on bodies (refs. 2 and 4-7). Most of

the past research on the shaping of axisymmetric bodies for laminar flow has

been focused on improving performance of underwater bodies and sailplane

bodies. Power (ref. 8) investigated bodies of revolutions having vastly

different forebody geometries and ranging from very fine to very blunt
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Fig. 2. Past experimental research on natural laminar flow on bodies.

profiles for underwater applications. Kuethe (ref. 9) has presented an

approximate analysis indicating that on a blunt body the stretching of vortex

filaments due to the change in cross-sectional area and the positive velocity

gradient near the nose of the body is a destabilizing influence on the

stability of the laminar flow. The drag-reduction potential of laminar

hydrodynamic bodies was recognized by Carmichael (refs. 4-7) who designed low

fineness-ratio axisymmetric bodies which were successfully tested underwater,

achieving transition-length Reynolds numbers as high as 18 million at RL = 38

million (ref. 6). In experimental investigations, Althaus (ref. i0) and

Radespiel (ref. ii) have achieved significant reductions in viscous drag by

modifying the body shape of sailplane fuselages. Hertel (refs. 12 and 13)

studied the body shapes of fast and prolonged-cruising fishes such as tuna,

shark, and dolphin, to learn the potential value of these shapes for low-drag

transport fuselages. Meier and Kreplin (ref. 14) made detailed boundary-layer

measurements over a range of incidence angles at a maximum length Reynolds

number of 7.2 million on a prolate spheriod of fineness ratio 6. Parsons, et



al. (ref. 15), Dalton and Zedan (ref. 16), Pinebrook and Dalton (ref. 17), and

Dodbele, et al. (refs. 18 and 19) conducted numerical optimization studies to

design axisymmetric bodies for minimumdrag.

To design bodies for extensive regions of natural laminar flow, a

reliable method to predict transition has to be used. The state-of-the-art in

transition prediction on practical three-dimensional bodies of fineness ratios

4 to I0 (of interest for aircraft fuselages) is very poor. The adequacy of

existing transition prediction methods such as empirical integral correlations

and laminar stability theory applied to three-dimensional bodies is discussed

in reference 18. The existing integral methods were shown to be poor

predictors of transition on many body shapes. This is partly because the

transition criteria are based on two-dimensional correlations and the criteria

validated in a lower Reynolds number range are extrapolated into higher

ranges. Particularly, experimental results used in correlations could be

influenced by high turbulence levels and acoustic disturbances present in the

wind tunnels. To provide useful methods for transition prediction on three-

dimensional bodies in flight, methods must be developed to include compres-

sibility effects, non-parallel boundary-layer effects, curvature effects,

Tollmien-Schliehting wave stretching effects, and crossflow vorticity effects.

On axisymmetric bodies at zero angle of attack, Tollmien-Schlichting

(T-S) wave amplifications are likely to be the cause of natural transition.

The n-factor method, which is used in the present computations to predict

transition, is based on the fact that a certain value of logarithmic

disturbance amplitude ratio (maximumn-factor) correlates with the beginning

of the transition process. Previous studies (refs. 20-23) have indicated that

onset of transition due to T-S waves in low disturbance wind tunnels,

generally correlates to an "n'° in the range between9 to ii. Values of "n" up



to 15 have been observed to correlate with transition in flight experiments

(ref. 24) •

EFFECT OF FOREBODY SHAPE ON LAMINAR STABILITY

The steepness of the pressure gradient and the value of the minimum

pressure govern the stability of laminar flow in incompressible flows. (i) An

increase in flow acceleration increases laminar stability of the boundary

layer by providing more fullness in the boundary-layer profiles. The pressure

gradients over bodies of revolution are generally less favorable than over

lifting surfaces. Figure 3 compares incompressible pressure distributions on

an airfoil, a flow-through nacelle and an axisymmetric body. The airfoil, the

nacelle outer surface, and the axisymmetric body have the same profiles. The

figure shows that the maximum flow acceleration (minimum pressure) occurs on

the airfoil. Relatively less flow acceleration occurs on the axisymmetric

body. To achieve similar levels of laminar stability on an axisymmetric body

as on an airfoil, the body would require smaller fineness ratio (more thick-

ness) than the thickness ratio of the airfoil. Generally, the extent of

laminar boundary-layer flow can be increased by pushing the minimum pressure

point further aft. With a sufficiently strong pressure gradient, transition

will occur downstream of the location of minimum pressure. But since the

(i)There is a significant favorable influence of compressibility on the

stability of laminar boundary layers. This effect is independent of favorable

pressure gradient changes as speed increases. It was predicted in reference

25 that a body at compressible speed can sustain more laminar flow than the

same body at low speeds.
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Fig. 3. Calculated pressure distributions over an airfoil, a flow through

nacelle and a body of revolution of the same profile shape,

VSAER0, _ = 0 and incompressible conditions.

magnitude of the pressure coefficient is smaller on bodies than on airfoils of

equivalent thickness, less favorable pressure gradients on bodies provide

comparitively .less stability of the laminar flow. Carmichael (refs. 6 and 7)

obtained large amounts of laminar flow on the Dolphin bodies with fineness

ratios 3 and 3.33. These Dolphin bodies had long runs of favorable pressure

gradients followed by high pressure peaks. On these bodies boundary-layer

transition occurred very near the location of the minimum pressure point.

The nose radius has a remarkable effect on the stability of the laminar

boundary layer on the body. Small nose radii tend to keep the boundary layer

laminar for longer distances. However, too small a nose radius generates

vortex separation at off design conditions such as angles of attack. On



bodies with large nose radii, pressure peaks occur due to centrifugal effects,

resulting in very short stretches of laminar flows.

DISCUSSION OF LINEAR STABILITY ANALYSIS

In the present investigation, the effect of several different nose radii

on the stability of the laminar boundary layer on axisymmetric bodies was

investigated computationally. The comments made here generally apply for

axisymmetric bodies of other fineness ratios and profile shapes, provided

their shapes are within reasonable limits, representative of small and medium-

sized aircraft fuselages. Four forebody shapes with different nondimensional

nose radii and with the same body fineness ratio of 6.414 were selected for

the analysis and are presented in Fig. 4 along with the corresponding pressure

distributions. The pressure distributions on these bodies were obtained by
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using the VSAERO - a low-order surface panel method (ref. 26). The body

surface is divided into a number of quadrilateral panels on which piecewise

constant doublet and source singularities are distributed. Source strengths

are obtained by solving the external Neumann boundary-value problem which

requires zero flow velocity normal to the surface. The strengths of the

doublet singularities are obtained by imposing the internal Dirichlet boundary

condition of zero pertubatlon velocity potential at the inner centers of the

panels. The axisymmetric bodies were modeled by 32 panels in the longitudinal

direction and 24 equally spaced panels in the circumferential direction.

Panels were distributed densely in the nose region to obtain better resolution

of the pressures near the stagnation point (see Fig. 4(a)). In reference 18

it was shown that a good agreement exists between measured and calculated (by

VSAERO) surface pressure coefficients for several axisymmetric configurations.

Incompressible linear stability analysis was conducted using the SALLY

code (ref. 27). The detailed boundary-layer profiles required for the

stability analysis were generated using a modified version of the HARRIS

finite _difference boundary-layer code (ref. 28). The transverse curvature

effects were included in the computation of laminar boundary-layer profiles.

Results ef the linear stability analysis done on the body shown in Fig.

4(a) are presented in Fig. 5. In the figure, the logarithmic disturbance

amplitude (n-factor) is plotted as a function of the nondlmenslonal axial

distance for different T-S frequencies ranging from 500 Hz to 3000 Hz. The

envelope of these curves shows that for the axlsymmetric body an n-factor of 9

is reached at x/L = 0.21 (RTR = 9.2 x 106 ) while an n-factor of 15 is attained

at x/L = 0.31 (RTR = 12.4 x 106). Figure 6 presents the stability envelopes
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Fig. 5. Stability analysis of t_e axisymmetric body shown in Fig. 4(a);

a = 0°, RL = 40.86 x i0 , and incompressible flow.

obtained for T-S frequencies of 500 to 3000 Hz for the four bodies. The figure

shows that an n-factor of 9 is reached farther downstream, that is, the

laminar boundary layer is comparatively stable for a longer distance, on the

body having the smallest nondimensional radius at the nose. From the computa-

tions it was found that on bodies with the larger nose radii, n-factor of 9 is

attained near 12% of the length of the body from the nose (see Fig. 6).

11



R.F._'gEENCES

i. Quast, A.; and Horstmann, K. H.: Profile Design for Wings and Propellers.

NASA TM-77785, November 1984.

So Boltz, E. W.; Kenyon, G. C.; and Allen, C. Q.: The Boundary-Layer Transi-

tion Characteristics of Two Bodies of Revolution, a Flat Plate, and an

Unswept Wing in a Low-Turbulence Wind Tunnel. NASA TN D-309, 1960.

. Groth, E. E.: Boundary Layer Transition on Bodies of Revolution. Report

No. NAI-57-I162 (Contract AF33(616)-3168), BLC-100, Northrop Aircraft,

Inc., July 1957. (Available from DTIC as AD 150 527.)

. Carmichael, B. H.: Underwater Drag Reduction Through Optimal Shape. In

Underwater Missile Propulsion, edited by L. Greiner, Compass Publications,

Inc., Arlington, VA 1966.

. carmichael, 8. H.: Application of Sailplane and Low-Drag Underwater

Vehicle Technology to the Long-Endurance Drone Problem. AIAA Paper No.

74-1036, September 1974.

6. Carmichael, B. H.: Underwater Vehicle Drag Reduction Through Choice of

Shape. AIAA Paper NO. 66-657, 1966.

Q Carmichael, 8. H.; and Niehuss, Oswln: Computer Study To Establish the

Lower Limit of Length-to-Diameter Rates Advisable for Low-Drag Bodies.

SID64-1938, North American Aviation, Inc., October 1964. (Available from

DTIC as AD 664 610.)

14



o Power, J. L.: A Comparison Between Measured and Computed Locations of

Transition of Nine Forebodies of Revolution. Low-Speed Boundary Layer

Transition Workshop-ll, Rand Corporation, Santa Monlca, CA, September

13-15, 1976.

, Kuethe, A. M°: On the Stability of Flow in the Boundary Layer Near the

Nose of a Blunt Body. U. S. Air Force Project RAND Res. Memo. RM-1972,

Rand Corp., August 28, 1957. (Available from DTIC as AD 150 687.)

i0. Althaus, D.: Wind-Tunnel Measurements on Bodies and Wing-Body Combina-

tions. In Motorless Flight Research 1972, NASA CR-2315, November 1973.

ii. Radespiel, R.: Wind Tunnel Investigations of Glider Fuselages with

Different Walstlng and Wing Arrangements. NASA TM-77014, 1983.

12. Hertel, H.: Structure-Form-Movement. Reinhold Publishing Co., New York,

1966.

13. Hertel, H.: Full Integration of VTOL Power Plants in the Aircraft

Fuselage. In Gas Turbines, AGARD CP No. 9, Part i, 1986.

14. Meier, H. U.; and Kreplin, H. P.: Experimental Investigations of

Boundary-Layer Transition and Separation on a Body of Revolution.

Zeitschrlft Flugwissenschaften und Welfraumforschung Vol. 4, 1980, pp.

65-71.

15



15. Parsons, J. S.; Goodson, R. E.; and Goldschmied, R. F.:

Axisymmetrle Bodies for MinimumDrag in Incompressible Flow.

Hydronautlcs, Vol. 8, No. 3, July 1974, pp. 100-107.

Shaping of

Journal of

16. Dalton, C.; and Zedan, M. F.: Design of Low Drag Axlsymmetric Shapes by

the Inverse Method. Journal of Hydronautlcs, Vol. 15, January-December

1981, pp. 48-54.

17. Pinebrook, W. E.; and Dalton C.: Drag Minimization on a Body of

Revolution Through Evolution. Computer Methods in Applied Mechanics and

Englneerln_, Vol. 39, 1983, pp. 179-197.

18. Dodbele, S. S.; Van Dam, C. P.; Vijgen, P.M.H.W.; and Holmes, 8. J.:

Shaping of Airplane Fuselages for Minimum Drag. AIAA Paper No. 86-0316,

1986; also J. Aircraft, Vol. 24, No. 5, May 1987, pp. 298-305.

19. Dodbele, S. S.; Van Dam, C. P.; and Vijgen, P.M.H.W.: Design of Fuselage

Shapes for Natural Laminar Flow. NASA CR-3970, March 1986.

20. Smith, A.M.O.: Transition, Pressure Gradient and Stability Theory.

International Congress for Applied Mechanics, Brussels, 1956.

IX

21. Van Ingen, J. L.: A Suggested Semi-Emplrical Method for the Calculation

of the Boundary Layer Transition Region. University of Technology,

Department of Aerospace Engineering Report, VTH-74, Delft, 1956.

16



22. Jaffe, N. A., Okamura, T. T.; and Smith, A.M.O.: Determination of

Spatial Amplification Factors and Their Application to Transition. AIAA

J., Vol. 8, 1970, pp. 301-308.

23. Hefner, J. N.; and Bushnell, D. M.: Application of Stability Theory to

Laminar Flow Control. AIAA Paper No. 79-1493, July 1979.

24. Obara, C. J.; and Holmes, _. J.: Flight-Measured Laminar _oundary-Layer

Transition PhenomenaIncluding Stability Theory Analysis. NASATP-2417,

April 1985.

25. Vijgen, P.M.H.W.; Dodbele, S. S.; Holmes, B. J.; and Van Dam, C. P.:

Effects of Compresslbillty on Design of Subsonic Natural Laminar Flow

Fuselages. AIAA Paper No. 86-1825, 1986.

26. Maskew,B.: Prediction of Subsonic Aerodynamic Characteristics - A Case

for Low-Order Panel Methods. J. Aircraft, Vol. 19, No. 2, February 1982,

pp. 157-163.

27. Srokowski, A. J.; and Orszag, S. A.: Mass Flow Requirements for LFC Wing

Design. AIAA Paper No. 77-1222, 1977.

28. Harris, J. E.; and Blanchard, D. K.: Computer Program for Solving

Laminar, Transitional, or Turbulent Compressible Boundary-Layer Equations

for Two-Dimensional and Axlsymmetrical Flow. NASA TM-83207, 1982.

17



Report Documentation Page

1, Report No.

NASA CR-4314

2 Government Accession No.

4. Title and Subtitle

Effects of Forebody Geometry on Subsonic

Boundary-Layer Stability

7. Author(s)

S. S. Dodbele

9. Pedorming Organization Name and Address

Vigyan Research Associates, Inc.

30 Research Drive

Hampton, VA 23666-1325

t2 Sponsoring Agency NameandAddress

NASA Langley Research Center

Hampton, VA 23665-5225

3. Recipient's Catalog No.

5. Reporl Date

August 1990

6, Performing Organization Code

8. Performing Organization Report No.

10. Work Unit No.

505-61-41-02

ll. Contract or Grani No.
XAS1-17919

t13. Type of Report and Period Covered

Contractor Report

14. Sponsoring Agency Code

15. Supplementary Notes

Presented at the 5th International Conference on Numerical Methods in Laminar

and Turbulent Flow, Montreal, Quebec, Canada, July 6-10, 1987.

Langley Technical Monitor: H. P. Stough

16. Abstract

As part of an effort to develop computational techniques for design of

natural laminar flow fuselages, a computational study was made of the effect

of forebody geometry on laminar boundary-layer stability on axisymmetric body

shapes. The effects of nose radius on the stability of the incompressible

laminar boundary layer was computationally investigated using linear stability

theory for body length Reynolds numbers representative of small and medium-

sized airplanes. The steepness of the pressure gradient and the value of the

minimum pressure (both functions of fineness ratio) govern the stability of

laminar flow possible on an axisymmetric body at a given Reynolds number. It

was found that to keep the laminar boundary layer stable for extended lengths,

it is important to have a small nose radius. However, nose shapes with

extremely small nose radii produce large pressure peaks at off-design angles
of attack and can produce vortices which would adversely affect transition.

17. Key Words (Suggested by Author(s))

Subsonic

Boundary-Layer Stability

Forebody

Laminar Flow

19. Security Classif. (of this repot)

Unclassified

18. Distribution Statement

Unclassified - Unlimited

Subject Category 02

20. Security Classif. (of this page)

Unclassified

21. No. of pages

2O

22. Price

A03

NASA FORM 1626 OCT 86
NASA.Laagley, 1990

For sale by the National Technical Information Service, Springfield, Virginia 22161-2171



. k .1 ,

. • . k

" 2 • "




